Waste from information technology (IT) and telecommunication equipment (WITTE) constitutes a significant fraction of waste from electrical and electronic equipment (WEEE). The presence of rare metals and hazardous materials (e.g., heavy metals or flame retardants) makes the necessary recycling procedures difficult and expensive. Important efforts are being made for Waste Printed Circuit Board (WPCB) recycling because, even if they only amount to 5-10% of the WITTE weight, they constitute up to 80% of the recovered value. This paper summarizes the recycling techniques applicable to WPCBs. In the first part, dismantling and mechanical recycling techniques are presented. Within the frame of electro-mechanical separation technology, the chain process of shredding, washing, and sieving, followed by one or a combination of magnetic, eddy current, corona electrostatic, triboelectrostatic, or gravity separation techniques, is presented. The chemical and electrochemical processes are of utmost importance for the fine separation of metals coming from complex equipment such as WPCBs. Thermal recycling techniques such as pyrolysis and thermal treatment are presented as complementary solutions for achieving both an extra separation stage and thermal energy. As the recycling processes of WPCBs require adequate, efficient, and ecological recycling techniques, the aim of this survey is to identify and highlight the most important ones. Due to the high economic value of the resulting raw materials relative to the WPCBs' weight and composition, their recycling represents both a necessary environmental protection action, as well as an economic opportunity.
Introduction
Waste management is associated with the manufacturing process of all products. The most recommended waste management approaches include the reduction of the quantity of generated waste, the expansion of environmentally friendly recycling technologies, and the maximization of re-use while at the same time fulfilling governmental measures related to waste management.
In recent decades, the electrical and electronic equipment (EEE) business has become one of the fastest expanding manufacturing industries globally. Multiple factors, such as scientific and technological innovations, lifestyle changes, and life span reduction of EEE products, have resulted in the vast accumulation of waste from electrical and electronic equipment (WEEE) within the waste stream (5% of total solid wastes [1] ). The accelerated evolution of the EEE manufacturing industry has fundamentally transformed a multitude of significant fields in our society, such as entertainment, communication, transportation, and virtual payment. Therefore, one may forecast that the demand for EEE, from both industries and individuals, will continue to exhibit a high rate of increase, while the shortened life span of such products raises a global sustainability concern [2] [3] [4] . Studies have demonstrated a mathematical relationship among e-waste generated volumes and anthropogenic behavior in developed (and developing) countries [5] . According to the predictions made in the work of Baldé et al. [6] , the total quantity of WEEE will exceed 50 million tons by 2021.
WEEEs contain many materials of high economic value, but they also represent possible environmental threats in the case of unregulated disposal processes [7] . At the same time, WEEE recycling constitutes one of the most important secondary raw materials sources. However, the economic potential of these industrial procedures has been rarely demonstrated rigorously in studies [8, 9] .
The European WEEE Directive classifies WEEE into four categories (Category 1, Category 2, Category 3, and Category 4):
• Category 1 covers large household appliances (fridges, washing machines, air conditioners, etc.); • Category 2 covers small household appliances (vacuum cleaners, toasters, fryers, etc.); • Category 3 covers IT and telecommunication equipment (ITTE) (PCs, tablets, notebooks, smartphones, etc.); • Category 4 covers consumer equipment (e.g., TVs, stereo systems, digital cameras, etc.).
Category 1 and 2 contain low-grade Printed Circuit Boards (PCBs) [10] . In contrast, Category 3 and 4 generally contain medium high-grade PCBs. Among these different categories, the quantity of waste from information technology and telecommunication equipment (WITTE) (Category 3) has been increasing very quickly due to rapid development in the field [11, 12] . The life span of the newest computer generations keeps shortening when compared to older equipment. Betts et al. [13] report that today's computers have an average lifespan of only three years. Moreover, the ratio of obsolete computers is higher in developing countries as compared to developed countries [14] . Obsolescence [15] is a concept that considers to what extent customers may be influenced to replace their electronic equipment by sociocultural factors such as fads, marketing, or consumption incentives. Technological obsolescence is viewed as improving the circulation of goods. Nevertheless, the US alone creates 0.423 million tons of waste computers, among which only 40% are considered for further recycling, while the rest of the scrap computers are shipped to developing countries, dumped in landfills, or incinerated [16] [17] [18] . Accounting for these circumstances, the WITTE alone makes up one-third of the global WEEE generated yearly [19, 20] . WITTE represents ca. 15% of WEEE [21] . Within the entire WEEE quantity, the Waste Printed Circuit Boards (WPCBs) percentage [22, 23] is high (3% to 6%) [24] [25] [26] . Moreover, it is even higher in some EEEs, such as mobile phones (21.30%), personal computer control units (18.76%), and color television sets (7.04%). Metals represent about 40% of the WPCB overall value, while non-metal elements constitute the rest [8] (see Figure 1 ). Sustainability 2020, 11, x FOR PEER REVIEW  2 of 24 the shortened life span of such products raises a global sustainability concern [2] [3] [4] . Studies have demonstrated a mathematical relationship among e-waste generated volumes and anthropogenic behavior in developed (and developing) countries [5] . According to the predictions made in the work of Baldé et al. [6] , the total quantity of WEEE will exceed 50 million tons by 2021. WEEEs contain many materials of high economic value, but they also represent possible environmental threats in the case of unregulated disposal processes [7] . At the same time, WEEE recycling constitutes one of the most important secondary raw materials sources. However, the economic potential of these industrial procedures has been rarely demonstrated rigorously in studies [8, 9] .
Category 1 and 2 contain low-grade Printed Circuit Boards (PCBs) [10] . In contrast, Category 3 and 4 generally contain medium high-grade PCBs. Among these different categories, the quantity of waste from information technology and telecommunication equipment (WITTE) (Category 3) has been increasing very quickly due to rapid development in the field [11, 12] . The life span of the newest computer generations keeps shortening when compared to older equipment. Betts et al. [13] report that today's computers have an average lifespan of only three years. Moreover, the ratio of obsolete computers is higher in developing countries as compared to developed countries [14] . Obsolescence [15] is a concept that considers to what extent customers may be influenced to replace their electronic equipment by sociocultural factors such as fads, marketing, or consumption incentives. Technological obsolescence is viewed as improving the circulation of goods. Nevertheless, the US alone creates 0.423 million tons of waste computers, among which only 40% are considered for further recycling, while the rest of the scrap computers are shipped to developing countries, dumped in landfills, or incinerated [16] [17] [18] . Accounting for these circumstances, the WITTE alone makes up one-third of the global WEEE generated yearly [19, 20] . WITTE represents ca. 15% of WEEE [21] . Within the entire WEEE quantity, the Waste Printed Circuit Boards (WPCBs) percentage [22, 23] is high (3% to 6%) [24] [25] [26] . Moreover, it is even higher in some EEEs, such as mobile phones (21.30%), personal computer control units (18.76%), and color television sets (7.04%). Metals represent about 40% of the WPCB overall value, while non-metal elements constitute the rest [8] (see Figure 1 ). Therefore, PCBs are currently considered as an example of "secondary resources" in the electronic waste stream, and they are perceived as the most complex [27] , valuable, and hazardous component of WEEE [28] [29] [30] . However, over time, the composition of the materials used in IT and telecommunication equipment is gradually changing [31, 32] . Figure 2 represents the time variation (2006 and 2016) of the material composition in a desktop and the comparison between the material composition in desktops and laptops (reported in 2016). A decrease in the weight of precious metals and minerals, as well as a significant increase in laptop plastics, compared to desktops, can be noticed from the 2016 data. Various kinds of metals, such Al, Cu, and Sn, and the precious metals gold (Au), silver (Ag), platinum (Pt), and palladium (Pd) [33] [34] [35] [36] are used in PCBs for electrical conduction. PCBs have a complex composition consisting of a polymer (epoxy resin or fiberglass-based) component, various metals, and ceramic materials [37] . Plastic materials from PCBs contain fire-retardant substances for fireproofing the board. Thus, WPCBs should be properly disposed of and recycled: Firstly, because of their pollutant content (such as brominated flame retardants, polybrominated dibenzo-p-dioxin and dibenzofurans, chlorinated dioxin, and polycyclic aromatics) [38, 39] ; and secondly, in consideration of the sustainable management of resources and environmental protection (due to the large amounts of metals and nonmetals-mainly resin, derived from petroleum, a nonrenewable resource) [40] [41] [42] .
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The directive 2012/19/EC targeted the promotion of recycling, recovery, and reuse of WEEE in order to reduce its disposal in landfills [44] . Electronic waste collection and consequent material recovery processes in the European Union are loosely based on the "categories" defined by the WEEE directive. However, a more comprehensive product classification can be made, based on an alternative approach relying on the concept of a product family. A product family is denoted by products sharing some commonalities that are significant for their end-of-life management [45] . According to the EU WEEE directive mentioned above, PCBs with an area larger than a specified threshold (10 cm 2 ) must be dealt with exclusively, and thus need to be removed from WEEE. The high prevalence of PCBs is a key component of all electronic and electrical equipment. PCBs may contain valuable metals such as Au, Pt, and Pd, or other metals like iron (Fe), copper (Cu), zinc (Zn), lead (Pb), and Ag [46] . The PCB is Sustainability 2020, 12, 74 4 of 23 composed of a combination of thermoplastic material and epoxy resin treated with flame retardants substances that are challenging to recycle [47] . Disassembled PCBs (except power boards) usually contain metal films, Au or Au-plated connectors, pins, slots, integrated circuits (IC), chips of different sizes, resistors, condensers, etc. There may be several types of condensers in the PCBs of desktop computers. Aluminum (Al) capacitors have a higher Al content and a low amount of Cu and do not contain precious metals (Table 1) , [48] . In the older types of motherboards, the solders generally consist of an 60/40 Tin Lead alloy. Conversely, the solders of more recent motherboard types are Lead-free Tin wire consist in Sn99Cu0.7Ag0.3 [49] . Integrated circuit chips, central processing units (CPUs), Au pins, connectors, and small capacitors also contain minor amounts of precious metals, of high scrap value [48] . In order to improve the scrap quality and value, the metal or plastic frames, heat sinks, Al capacitors, and Cu inductors from the PCBs before transferring the PCBs to a further recovery process, precious metals are to be removed. The Al and Cu scrap are usually transferred to pyrometallurgical recovery sites. To recuperate large components of PCB (speakers, fan, batteries, heat sinks, and metal films), the boards should be verified and disassembled manually. After waste monitors and computers have been dismantled, six PCBs categories typically result ( Figure 3 ).
The potential value of each scrap PCB varies mainly according to its size and number of Au-plated connectors, Au pins, small capacitors, integrated circuit chips, and the surface of Au plates. Recent technology means that all electronic components can be removed from the PCB through a pyrolysis method. Adequate peeling, separation, and sorting of integrated circuit chips, CPUs, connectors, and capacitors from PCBs are all intermediate steps of the PCB recycling process [48] . Once the electronic components are separated from the PCBs and sorted, each category should be further processed and refined. Specific hydrometallurgical recovery and refining technologies allow higher precious-metal recuperation rates [50] . Many PCBs (Peripheral Component Interconnect-PCI cards and memory modules) contain 18-carat pure Au [51] . The Au plating can be peeled off by a hydrometallurgical process, in acid environment [52] . Hence, 99.99% Au is recovered with an efficiency of 99%. At the same time, the blank motherboards could be shipped to an Ag, Cu, and tin recovery plant. An emphasis on WPCB recycling techniques is presented in this article, as they have the highest economic value in terms of their volume (weight) and composition. Recovery from the WPCB of these metals may decrease, to some degree, the total global demand for new supplies. WPCB recycling also helps reduce waste disposal in landfills. Just 15% of the global WPCB is entirely recycled, even with all the possible benefits [53] . Therefore, knowledge of the main recycling techniques represents a very important initial step in increasing the recycling rate of these wastes.
Recycling Techniques of WPCBs
The PCB recycling process can be divided into three main phases-disassembly, treatment, and refinement-resulting in a set of (almost pure) raw materials [54] .
1. Disassembly [55] : Dangerous products (e.g., Al radiators, capacitors, batteries, etc.), valuable products (e.g., microprocessors and memories), and metallic and plastic fixtures are completely removed from the main board, in order to avoid further contamination during the recycling processes;
2. Treatment: PCBs are disintegrated into micro parts, using several devices (e.g., shredders and grinders) to become a uniform powder. Subsequently, these powders are separated into metals and nonmetals by manipulating their different physical concepts (e.g., thickness, magnetism, or weight).
3. Refinement: Metal powders are processed using the technologies available (e.g., pyrometallurgy, hydrometallurgy, or a combination of them) to obtain almost pure secondary resources [56] .
Disassembly Process
The removal of dangerous components and the recovery of recyclable materials requires a variety of tools. Disassembly is a systematic approach enabling the detachment of components (e.g., subassemblies) from a product (e.g., partial disassembly) or the separation of a product into all its parts (e.g., full disassembly) for a specific purpose [57, 58] . Disassembly is an essential step for an efficient WEEE recycling process ( Figure 4 ) [59] . An emphasis on WPCB recycling techniques is presented in this article, as they have the highest economic value in terms of their volume (weight) and composition. Recovery from the WPCB of these metals may decrease, to some degree, the total global demand for new supplies. WPCB recycling also helps reduce waste disposal in landfills. Just 15% of the global WPCB is entirely recycled, even with all the possible benefits [53] . Therefore, knowledge of the main recycling techniques represents a very important initial step in increasing the recycling rate of these wastes.
Recycling Techniques of WPCBs
1. Disassembly [55] : Dangerous products (e.g., Al radiators, capacitors, batteries, etc.), valuable products (e.g., microprocessors and memories), and metallic and plastic fixtures are completely removed from the main board, in order to avoid further contamination during the recycling processes; 2. Treatment: PCBs are disintegrated into micro parts, using several devices (e.g., shredders and grinders) to become a uniform powder. Subsequently, these powders are separated into metals and nonmetals by manipulating their different physical concepts (e.g., thickness, magnetism, or weight).
Disassembly Process
The removal of dangerous components and the recovery of recyclable materials requires a variety of tools. Disassembly is a systematic approach enabling the detachment of components (e.g., subassemblies) from a product (e.g., partial disassembly) or the separation of a product into all its parts (e.g., full disassembly) for a specific purpose [57, 58] . Disassembly is an essential step for an efficient WEEE recycling process ( Figure 4 ) [59] . The aim of disassembly process planning is to develop procedures and software tools for disassembly strategies and disassembly system configurations [60] . The following steps were suggested in the works [58] [59] [60] [61] [62] in the design of a disassembly system plan: Disassembly implementation requires tools that are highly efficient and versatile. In their paper, Feldmann et al. [63] illustrated some patented disassembly methods, one of the most interesting of which employed robots. Despite the potential for sophisticated automated disassembly of electronic equipment, there are only a few pilot projects related to keyboards, monitors and PCBs, and machines themselves do not have an automatic solution [64] .
Selective disassembly (dismantling) is an important mechanism in the practice of WPCB recycling since: (1) Reuse of components is a priority; (2) disassembly of hazardous components is essential; (3) valuable products and high-quality materials, such as electronic components, cables, and plastics engineering, are further dismantled to simplify the subsequent recovery of materials.
Mechanical Recycling Techniques
Although all recycling technologies have expense, performance, and environmental hazard disadvantages, mechanical recycling is used profitably to obtain high-quality products, replacing virgin polymers and thereby reducing environmental impacts and preventing resource depletion [65] . It is generally regarded as the best waste management choice for PCBs. The market value of recycled materials from PCBs depends considerably on their purity, degree of decontamination and homogeneity [66] , and strictly relates to the mechanical-recycling method effectiveness and to the polymer-classification phase.
This process may nonetheless prove challenging [67] , because of the heterogeneous composition of PCB waste. For instance, bioplastics, substituted for traditional plastics, may be wrongly mixed with plastic waste instead of wet waste, thus 'polluting' the plastic waste stream. Some authors consider that mechanical recycling usually requires four treatment steps: (1) Cutting/shredding, to reduce particle size and to obtain a suitable shape for further processing; (2) separation in dry conditions, to eliminate impurities such as paper, dust, and other non-plastic materials; (3) polymer classification, to separate polymers per type; and (4) extruding, to homogenize the particle size of single-polymer plastics [68] . The aim of disassembly process planning is to develop procedures and software tools for disassembly strategies and disassembly system configurations [60] . The following steps were suggested in the works [58] [59] [60] [61] [62] in the design of a disassembly system plan:
•
Input and output product analysis. During the first phase, reusable, important, and hazardous components and materials are specified. Optimum disassembly is defined after preliminary cost analysis.
Assembly analysis. Attachment components, part hierarchy, and previous assembly sequences are analyzed during the second phase. • Uncertainty issues analysis. Defective parts or joints in the incoming material or product upgrading/downgrading during use may cause disassembly instability and damage to disassembly. • Determination of the dismantling strategy. The final phase determines whether non-destructive or destructive disassembly is going to be used.
Disassembly implementation requires tools that are highly efficient and versatile. In their paper, Feldmann et al. [63] illustrated some patented disassembly methods, one of the most interesting of which employed robots. Despite the potential for sophisticated automated disassembly of electronic equipment, there are only a few pilot projects related to keyboards, monitors and PCBs, and machines themselves do not have an automatic solution [64] .
Selective disassembly (dismantling) is an important mechanism in the practice of WPCB recycling since: (1) Reuse of components is a priority; (2) disassembly of hazardous components is essential;
(3) valuable products and high-quality materials, such as electronic components, cables, and plastics engineering, are further dismantled to simplify the subsequent recovery of materials.
Mechanical Recycling Techniques
This process may nonetheless prove challenging [67] , because of the heterogeneous composition of PCB waste. For instance, bioplastics, substituted for traditional plastics, may be wrongly mixed with plastic waste instead of wet waste, thus 'polluting' the plastic waste stream. Some authors consider that mechanical recycling usually requires four treatment steps: (1) Cutting/shredding, to reduce particle size and to obtain a suitable shape for further processing; (2) separation in dry conditions, to eliminate impurities such as paper, dust, and other non-plastic materials; (3) polymer classification, to separate polymers per type; and (4) extruding, to homogenize the particle size of single-polymer plastics [68] .
Currently, the techniques used in polymer recovery plants are most commonly based on flotation processes, density differences, electrostatic forces, and optical properties [65, 69, 70] .
Other authors classify the mechanical recycling processes as in [71] :
• Washing, drying, and comminution. The disassembled materials from PCBs are washed for the removal of adhered impurities and dried. This process minimizes the particle surface contamination that could affect the reproducibility and efficiency of the tribo-charging mechanism [72] . The polymers are then ground in a knife mill. These activities result in wastewater (from the washing process) and dust, noise, and vibrations (from the grinding process). Therefore, further measures are required in order to reduce the environmental impact. •
Sieving. The particle size directly affects the tribo-electrostatic separation [73] . Thus, a granulometric separation is carried out, using sieves coupled to a vibratory agitator. The environmental impact thereof consists of sound, vibrations, and dust. • Secondary washing and drying. Disassembled PCB particles can acquire surface charges during the comminution and sieving processes. This affects the charging efficiency as well as the quality and quantity of products resulting from the overall process [74] . One way to neutralize this parasitic charging is to apply subsequent washing and drying, in order to neutralize the disassembled PCB particles. Hence, the environmental impact is diminished to wastewater and drying energy consumption only.
Electro-Mechanical Separation Methods
Mechanical separation and electrical-conductivity (or resistivity) separation (such as eddy current separation), electrostatic separation, corona electrostatic separation, and tribo-electrical separation have been developed as effective techniques for isolating other components (non-ferrous metals and plastics) from the WEEE [75] . Table 2 shows the main characteristics of these processes. Shredding/comminution involves decreasing the particle size (3-5 mm) of the material for subsequent processing. At the moment, different machines, metal shredders, hammers, and knife mills are used to crush and grind the WITTE [3, 76] . The benefits include faster automated systems, lower public health and safety risks, higher performance, and a lower volume for transportation. The issues Sustainability 2020, 12, 74 8 of 23 include product loss (up to 40%) as dust [53] , increased investment in assets, and a reduced level for later operations. Washing eliminates toxic materials to improve the efficiency of metal extraction [77] .
Different types of materials can be isolated from WITTE after shredding by various separation methods, density separation, and forth flotation to separate metals and plastics in the mixture. Figure 5 shows an example of the process flow diagram of the WITTE shredding and separation system [16, 78] .
Shredding, Washing, and Sieving
Shredding/comminution involves decreasing the particle size (3-5 mm) of the material for subsequent processing. At the moment, different machines, metal shredders, hammers, and knife mills are used to crush and grind the WITTE [3, 76] . The benefits include faster automated systems, lower public health and safety risks, higher performance, and a lower volume for transportation. The issues include product loss (up to 40%) as dust [53] , increased investment in assets, and a reduced level for later operations. Washing eliminates toxic materials to improve the efficiency of metal extraction [77] .
Different types of materials can be isolated from WITTE after shredding by various separation methods, density separation, and forth flotation to separate metals and plastics in the mixture. Figure  5 shows an example of the process flow diagram of the WITTE shredding and separation system [16, 78] . "High grade PCBs" (i.e. PCI cards, motherboards, hard drive PCBs, memory modules), ceramic CPUs, and so forth can also be bulk shredded in order to separate the ferrous metals from the reduced size scrap. Nonetheless, due to different types of products of electronic components, like metals, plastics and resins, they can mix during the pre-processing stages (i.e. shredding, pulverization), leading to some recycling process dilution or technical restrictions [79] . Unselective fine shredding may result in the loss of valuable compounds [80] , including multiple rare and precious metals that can be found in electronic components (in particular PCBs). These losses occur during shredding as a result of dispersion and "mass-relevant" contamination of precious metals with base metals, ferrous metals, and plastics. "Lower-grade PCBs" and power boards typically have a high content of Cu, Al, Fe, and steel, but a very low or zero ratio of precious metals [48] . Therefore, shredding, gravity, magnetic, and/or electrical field separation processes are recommended for ferrous metals, Cu, and Al separation [81] . "Lower grade PCBs" and scrap metals are often processed in a pyrometallurgical recovery plant in order to extract the base metals [82] .
Magnetic Separation
Magnetic separation is commonly implemented to separate non-ferrous metals and other nonmagnetic waste from ferromagnetic metals [83] . During the last decade, substantial progress has been "High grade PCBs" (i.e. PCI cards, motherboards, hard drive PCBs, memory modules), ceramic CPUs, and so forth can also be bulk shredded in order to separate the ferrous metals from the reduced size scrap. Nonetheless, due to different types of products of electronic components, like metals, plastics and resins, they can mix during the pre-processing stages (i.e. shredding, pulverization), leading to some recycling process dilution or technical restrictions [79] . Unselective fine shredding may result in the loss of valuable compounds [80] , including multiple rare and precious metals that can be found in electronic components (in particular PCBs). These losses occur during shredding as a result of dispersion and "mass-relevant" contamination of precious metals with base metals, ferrous metals, and plastics. "Lower-grade PCBs" and power boards typically have a high content of Cu, Al, Fe, and steel, but a very low or zero ratio of precious metals [48] . Therefore, shredding, gravity, magnetic, and/or electrical field separation processes are recommended for ferrous metals, Cu, and Al separation [81] . "Lower grade PCBs" and scrap metals are often processed in a pyrometallurgical recovery plant in order to extract the base metals [82] .
Magnetic separation is commonly implemented to separate non-ferrous metals and other non-magnetic waste from ferromagnetic metals [83] . During the last decade, substantial progress has been made in developing and running high-intensity magnetic field separators, by the introduction of permanent magnets from rare earth alloys. The latest generation of permanent magnets can deliver very high field strengths.
The magnetic separation process can be used to separate the ferrous metal materials present in the dissembled PCB shredder mixture from those that are less or nonmagnetic [84] . Typically, electromagnetic crossbelt separators are employed to recover materials such as galvanized steel, iron, and tin-coated steel, and magnetic materials such as electrical transformers and chip coils [85] . Stainless-steel particles in the shredded remains are poorly magnetic and can be sorted using a strong magnetic field. The magnetic separation method has a major drawback associated with the attachment of non-ferrous particles to the ferrous materials. This decreases the process productivity. Besides magnetic material separation, recently developed processes like vertical vibration systems are widely utilized to separate metals and plastics from WEEE [86] . For example, vertical vibration systems improve the plastics separation from heterogeneous mixtures, like PCB waste metals [87] . 
Eddy Current Separators
Eddy current separators are ideal for separating large amounts of non-ferrous parts from WEEE and are particularly suitable for handling coarse-sized feeds. Eddy current separation, in addition to electrostatic separation [88, 89] , can be useful for concentration of non-ferrous metals like Cu or Al from the waste particle sizes between 2 and 50 mm [90] . As Al has the highest ratio of electrical conductivity/density value (13.1 × 10 3 m 2 /Ω·Kg), with eddy current separators, it can be easily separated [91] . Eddy current separation can be applied for PCB waste as Al is 2.8 wt.% of the total PCB waste board [92, 93] . Despite that, eddy current separation does not allow the separation of stainless steel, glass, and plastic contained in the waste mixture, since these materials have an extremely low electrical conductivity/density ratio. For this, it is impossible to isolate metals like Cu and Al from plastic insulation, like PVC and PE, in the waste mixture. Different sensors can, therefore, be used to distinguish different streams. For example, infrared sensor scanning is used to identify plastics, while glass is detected by optical sensor scanning [94] . Figure 6 shows materials that are detachable using eddy current separators. It is evident that Al is the easiest to separate, while stainless steel, plastic, and glass have a zero value for the conductivity/density ratio, meaning that eddy current separators are not applicable [1] . magnetic field. The magnetic separation method has a major drawback associated with the attachment of non-ferrous particles to the ferrous materials. This decreases the process productivity. Besides magnetic material separation, recently developed processes like vertical vibration systems are widely utilized to separate metals and plastics from WEEE [86] . For example, vertical vibration systems improve the plastics separation from heterogeneous mixtures, like PCB waste metals [87] .
Eddy current separators are ideal for separating large amounts of non-ferrous parts from WEEE and are particularly suitable for handling coarse-sized feeds. Eddy current separation, in addition to electrostatic separation [88, 89] , can be useful for concentration of non-ferrous metals like Cu or Al from the waste particle sizes between 2 and 50 mm [90] . As Al has the highest ratio of electrical conductivity/density value (13.1 × 10 3 m 2 /Ω·Kg), with eddy current separators, it can be easily separated [91] . Eddy current separation can be applied for PCB waste as Al is 2.8 wt.% of the total PCB waste board [92, 93] . Despite that, eddy current separation does not allow the separation of stainless steel, glass, and plastic contained in the waste mixture, since these materials have an extremely low electrical conductivity/density ratio. For this, it is impossible to isolate metals like Cu and Al from plastic insulation, like PVC and PE, in the waste mixture. Different sensors can, therefore, be used to distinguish different streams. For example, infrared sensor scanning is used to identify plastics, while glass is detected by optical sensor scanning [94] . Figure 6 shows materials that are detachable using eddy current separators. It is evident that Al is the easiest to separate, while stainless steel, plastic, and glass have a zero value for the conductivity/density ratio, meaning that eddy current separators are not applicable [1] . Density-based separation and eddy current separation of non-ferrous metals are not recommended for the separation of precious metals, as significant losses will result [80] . Besides, prior to shredding, the large-sized metals (i.e., Cu or Al heatsinks, iron or steel films) must be removed from "higher-grade PCBs".
Corona Electrostatic Separator
Corona's process of electrostatic separation is utilized to isolate metals (including non-ferrous metals) from a heterogeneous mixture of enclosed plastics.
Based on the extreme density and electrical conductivity differences between metallic and nonmetallic materials [38, 95] , Corona electrostatic separation is considered a promising method for metal extraction from pulverized WPCBs [96] . The metals and non-metals could be separated by electrostatic corona separation with good performance under the particle size condition of WPCBs, if they are between 0.6 and 1.2 mm. [97] .
However, the Corona effect can generate toxic compounds such as nitrogen oxide and ozone. A roll-type corona electrostatic separator has been effectively employed as an electrostatic separator to isolate ABS polymer fractions from the metallic particles collected from the waste stream of crushed PCBs [98] . The process is used, for example, in the mechanical recycling of PCB waste, because it involves specific metallic implants [91] .
The performance of Corona separation is determined by many factors [99] , such as the use of a high voltage, electrode configuration, feed frequency, size of granules, roll speed, and ambient conditions [100] . The roll-type separator can be applied to recycle metals and plastics from waste PCBs, as a result of these variables' interactions.
The middling products are a downside of the Corona separation. With their high metal content, they require further separation. To decrease the middling products, the following problems must, therefore, be addressed:
•
Middling materials of the separation system and additional treatment. Due to the feeding process, non-uniform electrical field, and space charge distribution, a considerable number of particles don't gain sufficient charge and goes in to the middling products. Furthermore, certain unintended factors, such as changes in ambient conditions, often increase the middling products.
Nonconductive material impurity and additional treatment. Since the particle mixture consists mainly of nonmetals, certain metals are covered with nonmetals. Such particles bind to the sheet, move with it, and eventually goes with the particles that are not conductive. This contributes not only to metal loss, but also to the impurity of the non-conductive materials. If the particle dimensions are <0.6 mm, it is possible to achieve complete separation between metals and non-metals for comminuted PCB waste [101] .
Stability of the separation process. For the following reasons, the results are unstable [102] : The metal concentration variability in the feeding material; the temperature and humidity fluctuations; the electrostatic separation sensitivity to the particle size; and the accumulation of dust on the corona electrode. For example, under laboratory conditions, the granule mixture can be sorted into several size groups. Nevertheless, this is not valid in industrial applications, where particles belonging to different size groups are always a concern. • Agreement between efficiency of production and quality of separation. Higher feed rates and higher roll speeds are required to increase the production capacity. However, a higher roll speed could lead to poor quality of separation [103] due to the creation of a large quantity of middling products.
Feeding granule mixture superficial moisture. The mixture of feeding granules absorbs the moisture in the area.
Triboelectrostatic Separation
Interest in triboelectrostatic separation is increasing because it appears to be the first dry method that does not require wastewater treatment processes to detach particles of similar density and electrical resistivity [57] .
The basic principle of triboelectrostatic separation is the selective sorting of a polarized or charged species under an electric field based on their surface charging characteristics [104, 105] . The surface of plastic materials is charged by frictional electrification (or tribocharging) by rubbing polymeric materials together [106, 107] . Through tribocharging, the different polymeric materials develop opposite polarities and can be deflected and separated in the electrical field.
Researchers have demonstrated many clear benefits of triboelectric electrostatic separation for the processing of plastic waste from PCBs, such as particle form independence, low energy consumption, and high efficiency [35, 108] . This method is ideal for 0.1-5 mm [109, 110] fine particles. However, most studies address virgin plastics from urban solid waste, rather than post-consumer products [111] .
The triboelectric polymers sequence [112] is an important separation indicator. The sequence explains the polarities gained from the charged particles of plastic, for instance:
(−) -PE-PS-PC-PVC-ABS-PP-(+).
In detaching non-conducting materials from WPCBs, triboelectrostatic separation can be applied [113] . It provides a relatively wide range of particle size processing, which is particularly suitable for WPCB granular plastic waste [74] .
A complete separation of nonmetals and metals can only be accomplished for crushed WPCBs, if the granule size is less than 0.6 mm [101] . Triboelectrostatic separation allows the recuperation of metals with high conductivity like Al and Cu (e.g., cable and wires waste) from the mixtures [114] . However, a large volume of metals, particularly conductive materials, is found in materials that are not conductive [115] . Through the triboelectrostatic method, nonmetal particles like plastics in PCBs recuperated from WEEE can be separated. PVC and rubber can be recovered from scrap cables using a simple and inexpensive triboelectrostatic technique in which these materials are deviated into the positive/negative electrode [116, 117] .
Studies show that parameters such as particle size and relative humidity affect waste plastic granules ' charging properties. The triboelectrostatic technique also applies to polymers, like high-impact polystyrene and acrylonitrile butadiene styrene, that are identified most commonly in PCBs waste [117, 118] .
A tribo-aero-electrostatic separator was introduced in [118] as a process to retrieve HIPS and ABS contained in WITTE plastics. A modified tribo-aero-electrostatic separator can be utilized to separate waste plastic granules (2-5 mm) with high efficiency. For an effective separation from waste of PA and PC plastic components, a tribo-aero-electrostatic separator was used in [119] . It may also be useful to separate the highly enriched PVC fraction from cable waste [120] .
The tribo-aero-electrostatic method has been indicated as highly effective for isolating plastics from a mixture of 20 µm average size recycled ABS (separated from WEEE), PVC weak in carbon and pure PVC [121] .
Pneumatic triboelectrostatic separation uses pipelines to transport the waste particles. The waste particles collide with the inner wall of the tube and become positively and negatively charged. Next, the particles are injected into a separation reactor where an electric field is applied to separate them [122] .
Gravity Separation
Separators of density, such as air tables, air cyclones, and centrifugal separators, are used to extract base metals from nonmetal fractions such as Cu, Au, and Ag. Particle separation based on density [57] , such as sink-float separation [123] , is also used to extract metals from scrap PCB non-metallic materials. Several techniques are used to separate heavy materials from light ones. The separation is performed as a function of the density difference in waste particles, as presented in Table 3 . Different materials are separated by their relative motion in response to the force of gravity and possibly to other forces, such as water or air resistance. A particle's movement into a fluid depends on the density, size, and shape of the particle, with large particles being more greatly affected than small ones [124] . In practice, it is important to reduce the effect of size, and it is, therefore, necessary to control the approximate dimension of feeds in gravity processes. Table 3 . Density separation processes utilized in non-metal-metal separation [57] .
Density Separation Process

Workable Piece Sizes (mm)
Plastics Waste
Aluminum Scrap
Cable Scrap
Electronic Scrap
Light Steel Scrap
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Chemical Recycling Techniques
The economically mineable Au, Ag, and Cu reserves will be exhausted in the next fifty yea [125] . Simultaneously, the metal content of WPCBs will surpass the availability of natural resource Consequently, WPCBs will become an increasingly attractive secondary source of meta contributing to natural resource conservation [126, 127] . The main targets for recycling WPCBs a
One of the chemical recycling techniques is bromide leaching of WPCBs. Bromide is a hazardous material, although a few studies claim it is harmless [131] . Because of the addition of brominated flame retardants, the bromide concentration in PCBs is relatively high. After the decomposition of brominated flame retardants in the recycling process, bromide persists in several forms of bromide or bromorganic compounds, including HBr, bromomomethane, and bromophenol. Bromide can cause health problems, particularly HBr, which is retained by the human body, and is difficult to degrade.
Nonetheless, the recovery of precious metals can only be achieved after primarily leaching of the base metals; due to the high base metal content (e.g., Cu > 15%), the process involves extensive use of leaching solutions. In [132] , the preliminary steps necessary to separate precious metals from base metals and other complex WPCB materials are presented. The metals can be extracted selectively by efficient hydrometallurgical methods, such as Cu and Au recovery [133, 134] . Issues such as increasing the leaching level and selectivity while reducing the use of reagents [135] must be discussed further. Strict environmental regulations have prompted further research into WPCB recycling, fostering the development of environmentally friendly and energy-saving processes [136] .
Electrochemical Processes
Electrochemical processes can reduce the use of polluting reagents [137] , because electrons are a "clean reagent". They have a strong compatibility with the environment, high energy efficiency, and can be used with minimal involvement of auxiliary materials. Using electrochemical methods to leach metals from WPCBs can reduce reagent consumption and recover valuable metals with minimal loss [138] . The use of reagents can be significantly reduced by using direct or controlled electrochemical oxidation for the dissolution of metals. In addition, in combination with metal oxidation, electro-extraction is an alternative method to remove the metals from leaching solutions [16] . The two processes can be performed in a single cell [139] . During the oxidation of water to O 2 , the production of protons at the anode can sustain low-pH environments for dissolution.
Electrochemically produced chlorine (Cl 2 ) is a powerful oxidizer that can dissolve most metals, including Au. The leaching rate, however, is limited by Cl 2 solubility [140] . The use of Cl 2 as an oxidizer has the disadvantage of creating a working hazard and material corrosion. In order to selectively dissolve the less noble metals, another oxidizer (Fe 3+ ) has been proven to be a less-hazardous alternative. It has been deployed in the low-temperature electrochemical recovery of metal from ore [141, 142] . This method has shown promising results in terms of having a low impact on the environment [138] , low energy consumption, and a high recovery of base metals, thus leaving Au and Pd intact for processing in separate stages. However, more research is needed to improve leaching kinetics, increase the solid to liquid ratio in the leaching treatment, and assess the effect of base metal extractions and precious metal recovery. The electrochemical recovery method significantly reduces the consumption of chemicals and production of waste. This method allows oxidant and leaching solution reuse simultaneously with the extraction of base metals [143] .
A recovery process for Cu from electrochemically liberated and uncomminuted WPCBs has been proposed in [16] . It involves two steps: The removal of the solder mask from the surface of the WPCBs by chemical treatment in concentrated H 2 SO 4 , followed by anodic dissolution of metals with simultaneous electrodeposition of a high-Cu-content alloy. The results show that the solder mask can be removed in concentrated H 2 SO 4 without metal dissolution. Cu has been recovered by cathodic electrodeposition in a galvanostatic mode, at high efficiency (100%), using a Pb cage with graphite granules as the anode current collector. The specific energy consumption for the cathodic deposit was WS = 1.06 KWh/kg, with 98% Cu content [144] .
In a different study, in the presence of chloride ions without electrochemical oxidation, Cu 2+ was shown to oxidize the Cu in metal powders to form CuCl 2 − . Then, CuCl 2 − was oxidized by oxygen into CuSO 4 . Consequently, the leaching rate of Cu reached 100%. The chloride ion was electro-oxidized into ClO − , which oxidized CuCl 2 − into CuSO 4 , and ClO − was reduced to Cl − . The leaching solution is concentrated to crystallize CuSO 4 ·5H 2 O, and the resulting solution is reused to leach a Cu metal powder [145] .
Using the H 2 O 2 -HCl leaching system for Au dissolution and the rotating disk electrode for Au electrowinning, Au recovery from secondary WPCBs streams can be performed with high efficiency and low environmental impact. The Au leaching process is more sensitive to the concentration of HCl. Increasing the concentration of HCl reduces the specific consumption of H 2 O 2 and HCl, while increasing the concentration of H 2 O 2 only improves the efficiency factor for the use of HCl. The process of Au dissolution is carried out with the highest efficiency using concentrations of 5 M H 2 O 2 and 5 M HCl. The electrowinning of Au from the leaching solutions with a rotating disk electrode resulted in the recovery of a high-purity Au deposit (99.99 wt%, for a current efficiency of 78.93% and a specific energy consumption of 0.648 kWh/kg Au) [146] .
Recovery of Cu from WPCBs by direct electrochemical oxidation or by mediated electrochemical oxidation by the redox couple Fe 3+ /Fe 2+ [138] implies Cu dissolution with simultaneous electro-extraction from the resulting leaching solutions. The first process uses direct electrochemical oxidation, while the second process uses the Fe 3+ /Fe 2+ redox pair to achieve Cu dissolution by means of mediated electrochemical oxidation.
It is possible to produce pure metal and its salt by using electrolysis and evaporation, followed by crystallization. The novel metallurgical pyro-hydro hybrid method is stated to consist of pyrolysis-beneficiation-leaching-solvent extraction for metal recovery from scrap PCBs. The process that has been developed is cleaner and more environmentally friendly, in line with the concept of zero waste generation [147] .
Thermal Recycling Methods
Thermal recycling (incineration) methods are utilized to extract energy from WEEE plastics, like water, steam, or electricity. This process focuses particularly on heterogeneous plastics that are pretreated, or polluted, and cannot be reused efficiently by any other process. Thermal recycling of plastic waste occurs in thermal recycling plants using combustion chambers, incinerators, boilers, or large industrial plants [148] [149] [150] . These provide a convenient energy production option, due to the high calorific value of plastics-7375 Kcal/Kg, compared to urban solid waste, which is 3450 Kcal/Kg [151] -comparable to common fuels [113, 152] . Plasmatron plasma reactor technology applied for PCBs thermal recovery has shown that 117 kW of energy can be produced using 30 kg/h waste PCBs [153] . The reactor used only 66 kW to operate. Thermal recycling techniques can also be utilized to recycle the bromine-containing flame retardants. WEEE plastics contain brominated flame retardants. Ferric Oxide (Fe 2 O 3 ) can be used in thermal recycling of brominated flame retardants, (tetrabromobisphenol A), because can fix bromine emitted [154] . Waste plastic thermal processing produces by-products like ash (bottom and fly ash), greenhouse gases, and dangerous substances (antimony, mercury, tin, halogenated compounds). These by-products raise concerns for the environment and health [155] . Adding advanced emission control devices, toxic gas trapping systems, and combustion chamber modifications will reduce environmental threats to some degree [156] .
Pyrolysis Process
Pyrolysis processes for WPCBs have been reported in many scientific publications: Vacuum pyrolysis [157] , nitrogen supply pyrolysis, nitrogen supply oxidative pyrolysis, and oxygen supply [82] . Evangelopoulos et al. [158] used thermogravimetric analysis (TGA) and analytical pyrolysis (Py-GC/MS) to investigate the pyrolytic activity of PCB waste fractions at a temperature range of 400 • C to 900 • C. The experimental results indicate that the PCBs' chemical composition and relatively high ash content are strongly linked to the high metal and ceramic content quantities. PCB pyrolysis reveals a range of aromatic compounds like bisphenol A, styrene, phenol, methylstyrene, bromophenol, together with non-aromatic compounds like bromomomethane and acetone. These are strongly associated with the original composition of PCBs. In a study [157] , under the conditions of a fixed-bed reactor, vacuum pyrolysis of WPCBs was performed. The result was 99.50 percent Cu extraction with a recovery quality of 99.86 percent based on the WPCBs ' total weight.
Thermal Treatment
The thermal decomposition method of "lower-grade" WPCBs is economically inefficient [159] . Fly ashes are formed by thermal decomposition of the non-metallic component of WPCBs. Fly ash cannot be recycled; therefore, it must be disposed of in landfill. Fly ashes can contain scraps of metal, base metals, and traces of precious metals [160] .
According to [160] and [161] , in the presence of air, the thermal treatment process of WPCBs may improve the recovery efficiency of metals before leaching. In general, WPCB components (i.e., IC chips, connectors, and small capacitors) need to be exposed to chemical solutions to produce a maximum leaching rate for recovery. During a further hydrometallurgical leaching process, thermal decomposition of higher-grade WPCBs in an aerobic environment can increase the recovery rate of precious and base metals [160] . The thermal treatment process is only suitable for the recovery of valuable and base metals from high-grade WPCBs from WITTE [16] .
Thermal treatment followed by hydrometallurgical processes shows the most promising results among the environmentally friendly production processes that allow metal recovery and efficient toxic compound treatment. They ensure that metals are selectively separated from non-metallic parts of WPCBs in an eco-friendly manner [162] . Nevertheless, the use of high-leaching solution volumes in certain hydrometallurgical processes leads to large quantities of waste [163] .
Conclusions
This review paper focuses on the recycling processes of high-economic-value materials arising from IT and telecommunications equipment waste printed circuit boards (WPCBs).
Soon, the dramatically increasing amount of IT and telecommunications equipment waste will mean that disassembly automation, especially for IT and telecommunications equipment, will be required worldwide. Some pilot projects are currently being implemented in the form of fully automated single-purpose solutions. The main problem is the aggregation and transport to one place of a high enough quantity of items.
WITTE is highly heterogeneous and complex in element and material form, size, and shape. A detailed analysis should, therefore, be carried out with the goal of better understanding this particular waste stream.
WITTE must be shredded into tiny, even, fine particles, usually less than 10 mm in size, to be separated. The reuse of WITTE involves the mechanical separation of fine particles.
The methods of electromechanical separation include shredding, washing, and sieving. The methods of magnetic separation include eddy current separation, corona electrostatic separation, and triboelectrostatic separation, which are important processes developed to reuse various types of scrap materials. These methods are very well adapted to WITTE reuse due to the increase in the volume of WITTE and the variety of their compositions.
Using chemical and electrochemical recycling techniques to recover critical materials and precious metals could be a step towards achieving a circular economy. From reviewing the literature concerning recycling of WITTE, the contribution of precious metals is so high that it influences half of the economic recovery potential. Even the recycling of materials with low economic value can offer relevant contributions if they are available in enough quantities.
For treating WPCBs, individual treatment is insufficient since WPCBs are comprised of diverse materials with various intrinsic values. An integrated approach, encompassing disassembly, mechanical, and hydrometallurgical methodologies, should be developed. More effort is required in the development of materials for downstream applications and nontoxic feedstock for pyrolytic refining.
Toxic materials should be eliminated from PCB manufacturing processes. In order to be completely environmentally friendly, PCBs should only contain recyclable parts and recoverable metals. 
